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Background: We have previously demonstrated the epidermal growth factor receptor (EGFR)- 
targeted hybrid plasmonic magnetic nanoparticles (225 -NP) produce a therapeutic effect in 
human lung cancer cell lines in vitro. In the present study, we investigated the molecular 
mechanism of 225-NP-mediated antitumor activity both in vitro and in vivo using the EGFR- 
mutant HCC827 cell line. 

Methods: The growth inhibitory effect of 225-NP on lung tumor cells was determined by cell 
viability and cell-cycle analysis. Protein expression related to autophagy, apoptosis, and DNA- 
damage were determined by Western blotting and immunofluorescence. An in vivo efficacy 
study was conducted using a human lung tumor xenograft mouse model. 
Results: The 225-NP treatment markedly reduced tumor cell viability at 72 hours compared 
with the cell viability in control treatment groups. Cell-cycle analysis showed the percentage of 
cells in the G2/M phase was reduced when treated with 225-NP, with a concomitant increase in 
the number of cells in Sub-Gl phase, indicative of cell death. Western blotting showed LC3B 
and PARP cleavage, indicating 225-NP-treatment activated both autophagy- and apoptosis- 
mediated cell death. The 225-NP strongly induced yH2AX and phosphorylated histone H3, 
markers indicative of DNA damage and mitosis, respectively. Additionally, significant yH2AX 
foci formation was observed in 225-NP -treated cells compared with control treatment groups, 
suggesting 225-NP induced cell death by triggering DNA damage. The 225-NP-mediated 
DNA damage involved abrogation of the G2/M checkpoint by inhibiting BRCAl, Chkl, and 
phospho-Cdc2/CDKl protein expression. In vivo therapy studies showed 225-NP treatment 
reduced EGFR phosphorylation, increased yH2AX foci, and induced tumor cell apoptosis, 
resulting in suppression of tumor growth. 

Conclusion: The 225-NP treatment induces DNA damage and abrogates G2/M phase of the 
cell cycle, leading to cellular apoptosis and suppression of lung tumor growth both in vitro and 
in vivo. Our findings provide a rationale for combining 225-NP with other DNA-damaging 
agents for achieving enhanced anticancer activity. 
Keywords: lung cancer, epidermal growth factor receptor, autophagy 

Introduction 

Application of nanotechnology to cancer medicine has progressed rapidly in recent 
years, resulting in testing of novel imaging contrast agents and drug delivery systems. ^"^ 
One among several nanomaterials that has been tested and has emerged as an excellent 
optical contrast agent is gold-based nanoparticles (NPs)."^ Gold NPs have the inherent 
ability to resonantly scatter visible and near infrared light and thus have been used 
as an optical contrast agent. Gold NPs, in addition to being used as a contrast agent. 
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have also been tested as therapeutic agents.^ Paramagnetic 
iron oxide NPs are another type of NP that have been inves- 
tigated for their effectiveness as an imaging agent and has 
been shown to produce greater contrast than conventional 
contrast agents such as gadolinium by magnetic resonance 
imaging.^ Additionally, iron oxide-based NPs have also been 
tested as a therapeutic agent.^ All of these studies establish 
the utility of iron oxide- and gold-based NPs in cancer cell 
imaging and therapy. 

Epidermal growth factor receptor (EGFR), which is 
a member of the ErbB receptor tyrosine kinases, is over- 
expressed in approximately 50%-80% of non-small cell 
lung cancer and is a target for cancer therapy. Small- 
molecule inhibitors such as gefitinib and erlotinib, both of 
which are EGFR-tyrosine kinase inhibitors, have shown 
clinical activity. ^^"^^ Similarly, monoclonal antibodies such 
as cetuximab targeted to the extracellular domain of EGFR 
have demonstrated clinical efficacy. The usefulness of these 
small molecule inhibitors is limited by the development 
of acquired resistance to therapy. ^"^'^^ Therefore, novel and 
improved forms of therapy are warranted. 

We have previously reported the antitumor activity of 
EGFR-targeted hybrid plasmonic magnetic NPs (225-NP) 
against human lung cancer cells in vitro. The NPs con- 
sisted of a paramagnetic iron core that is covered by a gold 
layer and is functionalized with a therapeutic monoclonal 
anti-EGFR antibody (225). In the same study, we observed 
that the antitumor activity of 225-NP is greatly enhanced 
only when 225-antibody (225-Ab) is attached to the NP as 
a simple mixture of free antibody, and NP alone does not 
produce cytotoxic effects comparable to 225-NP. However, 
in that study, the molecular mechanism(s) that contributed 
to the 225-NP-mediated enhanced tumor cell killing was not 
investigated. Furthermore, the in vivo efficacy of 225-NP 
was not tested. 

In the present study, we investigated the molecular 
mechanism for 225-NP-mediated cytotoxicity in vitro and 
the in vivo efficacy of 225-NP using a lung tumor xenograft 
model. We demonstrate 225-NP induced DNA damage and 
abrogated the G2/M phase of the cell cycle in lung cancer 
cells, resulting in autophagy and apoptosis in vitro. How- 
ever, 225-NP, unlike conventional DNA-damaging agents 
such as ionizing radiation (IR) and chemotherapy, inhibited 
the BRCAl-Chkl signaling, thereby overriding the G2 to 
M checkpoint arrest and not allowing the cells to repair the 
DNA damage. The resulting outcome is that the cells bear- 
ing DNA damage proceeded to the M phase as evidenced 
by the expression of the mitotic marker, histone H3, result- 



ing in cellular apoptosis. In vivo studies showed 225-NP 
treatment induced DNA damage and apoptosis, resulting in 
marked suppression of tumor growth. To our knowledge, our 
study demonstrates the antitumor activity of 225-NP in part 
is mediated by inducing DNA damage in tumor cells. Our 
study results provide an opportunity for combining 225-NP 
with other DNA-damaging agents to achieve enhanced 
antitumor activity. 

Materials and methods 

Ethics statement 

The animal experiments described in this study were care- 
fully reviewed and approved by the Institutional Animal 
Care and Use Committee (lACUC) at MD Anderson Can- 
cer Center, Houston, TX, USA. The study was conducted 
per institutional lACUC-approved guidelines and ensured 
proper welfare of the animals. Animals were monitored 
daily to ensure minimal pain and distress. Health of the 
animals was monitored by veterinarians, and the cages 
were kept clean by weekly changing of beds and drinking 
water. To reduce and minimize pain during treatment, ani- 
mals were anesthetized using appropriate anesthesia such 
as isofluorane. 

Cell line and cell culture 

The human HCC827 lung cancer cell line was cultured in 
RPMI 1640 medium (Gibco®; Thermo Fisher Scientific, 
Waltham, MA, USA) supplemented with 10% fetal bovine 
serum (Hyclone, Logan, UT, USA), 100 jlg/mL streptomy- 
cin, and 100 U/mL penicillin. 

Synthesis and conjugation of NPs 

Synthesis of iron oxide/gold NPs and the chemistry of 
conjugating antibodies to the NPs have been previously 
described. ^^"^^ Briefly, monoclonal anti-EGFR antibody 
(clone 225, [host mouse; Sigma-Aldrich Co., St Louis, 
MO, USA]), anti-EGFR antibody (clone 29.1), or anti- 
rabbit immunoglobulin G (IgG) monoclonal antibody (clone 
RG-16, Sigma-Aldrich Co.) were used to attach to the gold 
surface via a linker (SensoPath Technologies, Bozeman, 
MT, USA) that consisted of a short polyethylene glycol 
chain terminated at one end by a hydrazide moiety and at 
the other end by two thiol groups, as previously described. 
The final antibody-conjugated NPs were labeled as 225-NP, 
29.1-NP, and IgG-NP and used in the present study. Iron 
oxide/gold NPs and free unconjugated 225 antibodies were 
also used in the study and referred to as AuFe and 225-Ab, 
respectively. 
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The size and surface charge (zeta potential) of the syn- 
thesized NPs were determined as previously described. 
The size of the NPs was 73+35 nm, and they had a surface 
charge of 29+1 mV, which was in agreement with our previ- 
ous findings. 

Cell viability assay 

HCC827 cells were seeded at 1.0x10^ cells/well in six- well 
plates and incubated overnight at 37°C. The cells were 
then treated with 3.0x10^ particles/mL of AuFe, 29.1-NP, 
and 225-NP or 0.03 |lg/mL of 225-Ab (antibody amount 
is equivalent to the antibody attached on the surface of 
225-NP). At 72 hours after treatment, the cells were harvested 
by trypsinization and cell viability determined by trypan 
blue staining as previously described. ^^'^^ The viability of 
the untreated cells (the control) was considered 100%. The 
number of viable cells per treatment was determined and 
expressed as percentage surviving compared with untreated 
control cells. 

Western blotting 

Whole cell lysates were collected with RIPA (radioim- 
munoprecipitation assay) buffer, and protein concentration 
was calculated by protein assay (Bio-Rad Laboratories Inc., 
Hercules, CA, USA) as previously described. ^^'^^ Total 
cellular proteins (50 |ig) were applied and separated by 
SDS (sodium dodecyl sulfate) 7.5%-12.5% PAGE (poly- 
acrylamide gel electrophoresis) and transferred electropho- 
retically to PVDF-Plus membranes (Micron Separations, 
Westborough, MA, USA). Primary antibodies against 
PARP (1:1,000 dilution), phospho-Cdc2 (Tyrl5; 1:1,000 
dilution), phospho-histone H3 (SerlO; D2C8; 1:1,000 
dilution; Cell Signaling Technology, Beverly, MA, USA), 
anti-phospho/total-EGFR antibody (1:500 dilution; Santa 
Cruz Biotechnology Inc., Dallas, TX, USA), phospho- 
histone H2AX (Serl39) (1 :2,500 dilution; EMD Millipore, 
Billerica, MA, USA), BRCAl (1:5,000 dilution; Novus, 
Littleton, CO, USA), Chkl (G-4), and Cdc2 p34 (1 : 10,000 
dilution; Santa Cruz Biotechnology) were purchased and 
used. LC3B antibody (1:5,000 dilution) was generated as 
previously described. p-actin antibody (1:1,000 dilu- 
tion; Sigma-Aldrich Co.) was used for detecting p-actin 
expression for ensuring equal protein loading that served 
as internal loading control. Proteins were detected using 
appropriate secondary antibodies purchased from commer- 
cial vendors and HyGlo ECL reagent (Denville Scientific, 
Metuchen, NJ, USA) according to the manufacturer's 
instructions. 



Flow cytometry 

Cells that were either not treated (control) or treated with 
AuFe, 29.1-NP, 225-NP, 225-Ab, or a mixture of AuFe and 
225-Ab were collected at 24 and 48 hours after treatment, 
washed twice with phosphate buffered saline (PBS) (pH 7.2) 
and fixed with 70% ethanol. The cells were subsequently 
stained with propidium iodide solution (Hoffman-La Roche 
Ltd., Basel, Switzerland) and analyzed with a FACScan flow 
cytometer (Becton Dickinson, Franklin Lakes, NJ, USA) as 
previously described. ^^'^^ The number of cells in the various 
phases of the cell cycle was determined, and the data were 
analyzed using the Flow Jo software (Tree Star Inc., Ashland, 
OR, USA). ^6 

Optical imaging 

To determine 225-NP uptake by HCC827 cells, we con- 
ducted optical imaging studies as previously described. 
Briefly, cells resuspended in phenol-free RPMI medium were 
seeded in two-well chamber slides and incubated overnight 
at 37°C, 5% CO^. The following day, the cells were treated 
with IgG-NP or 225-NP. At 1 hour and 24 hours after treat- 
ment, the cells were washed, fixed in 1% paraformaldehyde, 
and imaged using dark-field reflectance microscopy. All 
dark-field images were acquired using DM6000 micro- 
scope (Leica Microsystems, Wetzlar, Germany) equipped 
with 20x dark-field objective and Xenon-lamp white-light 
illumination. 

Immunofluorescence staining 

HCC827 cells were seeded at 5.0x10"^ cells/well in Lab- 
Tek two-well chamber slides (Nalge Nunc International, 
Rochester, NY, USA) and treated with 3 .Ox 1 0^ particles/mL 
of AuFe, IgG-NP, and 225-NP or 0.03 |ig/mL of 225-Ab. 
Twenty- four hours later, the cells were fixed with 4% para- 
formaldehyde for 10 minutes, permeabilized with 0.5% 
Triton X for 10 minutes and then incubated with primary 
antibody against phospho-histone H2AX (Serl39) (1:200 
dilution; Cell Signaling Technology) overnight at 4°C. 
The following day, the cells were washed with PBS buffer 
(pH 7.2) and stained with Alexa-Fluor 488 goat anti-rabbit 
IgG (1:5,000 dilution; Thermo Fisher Scientific) for 1 hour 
and DAPI (4',6-diamidino-2-phenylindole) for 5 minutes. 
The slides were cover-slipped and observed with 1X8 1 micro- 
scope (Olympus Corporation, Tokyo, Japan). The number 
of cells positive for histone H2AX foci was determined in a 
blinded fashion by randomly examining more than 200 cells 
for each treatment group and subjecting data to statistical 
analysis. The results thus obtained were represented as the 
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percentage of cells positive for H2AX. The number of H2AX 
foci per cell per treatment was also determined, and the data 
were represented in a graphical form. 

In vivo subcutaneous tumor model 

HCC827 cells (6.0x10^ cells/mouse) were injected subcuta- 
neously into the lower right flank of 4-6-week-old female 
nude mice. When the tumors reached a size of about 5-7 mm 
in diameter, the mice were divided into four groups (n=8-10/ 
group). Group 1 mice were treated with IgG-NP (8.0x10^ 
particles); group 2 mice were treated with 225-NP (8.0x10^ 
particles); group 3 mice were treated with 225-Ab (0.08 jig; 
antibody amount is equivalent to the antibody attached on 
the surface of 225-NP); group 4 mice did not receive any 
treatment and served as untreated control. Mice were treated 
twice a week for 3 weeks (six times in total) by intratumoral 
administration of NPs or free 225-Ab. The perpendicular 
diameter of each tumor was measured every 3^ days, and 
the tumor volume was calculated as previously described^^ 
using the following formula: 

Tumor volume (mm^) = a x Z?^ xO.5 

where a is the longest diameter, b is the shortest diameter, 
and 0.5 is a constant to calculate the volume of an ellipsoid. 
The data were plotted as average mean tumor volume for 
each time point for each of the animal groups included in 
the study. 

For determining whether 225-NP inhibited phospho- 
rylated EGFR (pEGFR) and induced apoptosis in vivo 
during early treatment period, three mice from each group 
were euthanized on day 10 and the tumors were harvested 
and snap-frozen and stored at -80°C. The tissues were 
subsequently used in molecular and immunohistochem- 
istry studies that are described below. All of the animal 
experiments were conducted under the lACUC-approved 
guidelines. 

Immunohistochemistry 

Subcutaneous tumors established in mice as described above 
for in vivo studies were treated with 225-Ab (n=3), IgG-NP 
(n=3), or 225-NP (n=3) for three doses (day 0, 4, and 7). 
Mice were euthanized on day 10, and tumors were harvested 
for immunohistochemical studies. Tumor tissues were snap- 
frozen and stored until use. Frozen tumor tissues were sec- 
tioned (4-6 |im) and were fixed with 4% paraformaldehyde 
and permeabilized with protease K solution. Terminal 
deoxynucleotidyl transferase dUTP nick end labeling 



(TUNEL) staining was performed using DeadEnd™ Fluo- 
rometric TUNEL System (Promega Corporation, Fitchburg, 
WI, USA) as per manufacturer recommendations. The stained 
slides were subsequently observed under 1X71 inverted 
microscope (Olympus). The number of TUNEL-positive 
cells was counted, and data were represented as the average 
mean for each treatment group. 

Tissue sections were also stained for pEGFR using 
anti-human pEGFR (Tyrll73) antibody (Cell Signaling 
Technology). Tissue sections were incubated with pEGFR 
antibody (1 : 1,000 dilution) at 4°C overnight. The following 
day, the tissue sections were washed three times with PBS 
(pH 7.2) and then incubated with Alexa-Fluor 488 second- 
ary antibody (1:1,000; Thermo Fisher Scientific) at room 
temperature for 1 hour. Tissue sections were subsequently 
washed with PBS three times and cover-slipped using aque- 
ous mounting medium. The slides were then observed on 
1X71 inverted microscope (Olympus), the number of pEGFR- 
positive cells were counted, and the data were represented 
as the average mean for each treatment group. 

Statistical analysis 

All data were expressed as means and 95% confidence inter- 
vals. Differences between groups were examined for statisti- 
cal significance with the Student's ^-test, andP-values <0.05 
were considered statistically significant. 

Results and discussion 

Treatment with 225-NP reduces tumor 
cell viability through induction 
of autophagy and apoptosis 

Synthesis and physicochemical characterization of the par- 
ticles were performed as previously described. The size of 
the 225-NPs as determined by dynamic light scattering was 
73+35 nm, and they had a surface charge of -29+1 mV as 
previously described. 

Prior to testing the antitumor activity of 225-NP, we 
first tested the cellular uptake of the NPs in EGFR-positive 
HCC827 lung tumor cells and the inhibitory effect of EGFR. 
Uptake of 225-NP by the tumor cells was detectable as early 
as 1 hour after NP addition and increased with time, with max- 
imum uptake detected at 24 hours (Figure 1 A). Minimal to no 
NP uptake was observed in cells that were treated with control 
IgG antibody conjugated-NP at both time points tested. We 
next determined the 225-NP-mediated inhibitory effects on 
EGFR expression in HCC827 tumor cells. Reduction in the 
phosphorylated form of EGFR was observed in 225-NP- 
treated cells but not in control NP-treated cells (Figure IB). 
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Figure I Uptake of 225-NP and inhibition of EGFR in lung cancer cells. 

Notes: (A) HCC827 cells seeded in two-well chamber slides were treated with 225-NP or control NPs and visualized under dark-filed reflectance microscopy. Uptake of 
225-NP but not control NPs by the tumor cells was observed starting at I hour, with maximum uptake observed at 24 hours. Scale bar, 50 |im. (B) 225-NP but not control 
NPs reduced phosphorylated EGFR expression in HCC827 cells. P-actin was used as internal protein-loading control. 

Abbreviations: 225-NP, EGFR-targeted hybrid plasmonic magnetic NPs; EGFR, epidermal growth factor receptor; NP, nanoparticle; pEGFR, phosphorylated EGFR; IgG-NP, 
immunoglobulin G conjugated plasmonic magnetic NPs. 



These results demonstrated 225-NP is specifically taken up 
by EGFR-positive tumor cells and results in EGFR inhibition, 
an observation that concurs with our previous report. 

To examine the cytotoxic activity of 225-NP on the tumor 
cells, we performed cell viability assay. Treatment with 
225-NP significantly reduced tumor cell viability compared 
with the cell viability in control groups that were either not 



treated or treated with control NPs (P<0.05) (Figure 2A). 
Although both 225 and C29.1 antibodies bind to EGFR, 
C29.1 antibody unlike 225 binds to a carbohydrate residue 
on the external portion of EGFR and does not inhibit EGF- 
mediated EGFR signaling. ^^'^^ Adding a mixture of AuFe and 
free 225-Ab was much less effective than 225-NP, indicating 
that the attachment of anti-EGFR antibody on the surface 



International Journal of Nanomedicine 2014:9 



submit your manuscript | v 



iV.dovepress.com 3829 

Dovepress 



Kuroda et al 



Dovenress 



of NPs plays an important role in enhancing the cytotoxic 
activity of 225-NP (Figure 2A). 

Enhanced antitumor activity against human breast cancer 
cells by combining Her2 antibody to NPs has previously been 
reported.^^ The authors of that study attributed the functional 
activity to the size of the NPs that correlated with NP uptake by 
the tumor cells. However, the molecular mechanism of tumor 
cell killing following uptake of NPs was not demonstrated in 
that study. Although it is possible NP size could contribute to 
the antitumor activity, we in the present study did not focus 
on the size but rather on the mechanism of cell killing. 

We next determined the 225-NP treatment effects on cell 
cycle. Analysis of the G2/M phase by cell cycle analysis 
showed a decrease in the percentage of cells (~4%-6%) in 
the G2/M phase at 24 hours after 225-NP treatment compared 
with the other control treatments (Figure 2B). However, a 
greater reduction in the percentage of cells (~8%-l 1%) in the 
G2/M phase was observed at 48 hours after 225-NP treatment 
when compared with other treatment groups (Figure 2B). 



The reduction in G2/M is shown as a range, as the percent 
difference varied when 225-NP treatment was compared with 
each individual control. Associated with the decreased G2/M 
phase was a marked increase in the number of cells in sub-Gl 
phase in the 225-NP-treated cells (-9%) at 48 hours after 
treatment compared with the number of cells in the G2/M 
phase in the control groups (~3%-6%) (Figure 2C). Finally, 
Western blotting showed increased activation of autophagy 
and apoptosis as evidenced by very strong LC3 conversion 
from LC3-I to LC3-II and PARP cleavage, respectively, in 
225-NP-treated cells at 24 hours and 48 hours after treatment 
(Figure 2D). Modest LC3 conversion and PARP cleavage 
was observed in cells that were treated with free 225-Ab 
alone at the time points tested (Figure 2D). In AuFe-plus 
225-Ab-treated cells, conversion of LC3-I to LC3-II was 
observed to be equivalent to that observed with 225-NP treat- 
ment at 24 hours. However, PARP cleavage was minimal 
and comparable to untreated control group at 24 hours, sug- 
gesting that AuFe plus 225-Ab treatment is able to activate 
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Figure 2 Treatment with 225-NP induces apoptosis and autophagy in tumor cells. 

Notes: (A) 225-NP (3.0x10' particles/mL) treatment significantly reduced cell viability of HCC827 cells at 72 hours after treatment when compared with cells that were 
not treated (**P<O.OOI) or were treated with 29.1-NP or AuFe (3.0x10' particles/mL), 225-Ab (0.03 |Lig/mL), and mixture of AuFe and 225-Ab (*P<O.OI). (B) Cell cycle 
analysis showed the percentage of cells in G/2M phase was markedly reduced in 225-NP-treated cells at 24 hours (4%-6%) and 48 hours (8%-l 1%) compared with cells in 
other treatment groups and untreated control group. (C) The percentage of cells in the sub-G I phase of the cell cycle at 48 hours was higher in the 225-NP-treated group 
(-9%) compared with all other treatment groups (3%-6%). *P<O.OI; **P<O.OOI. (D) Western blotting showed PARP cleavage and LC3 conversion (LC3-I to LC3-II) was 
greatly increased in 225-NP-treated cells compared with all other treatment groups, indicating induction of apoptosis and autophagy, respectively. PARP cleavage and LC3 
conversion was higher at 48 hours than at 24 hours in 225-NP-treated cells. (3-actin was used as a loading control. 

Abbreviations: 29.1-NP, clone 29.1 antibody-conjugated NPs; 225-Ab, 225-antibody; 225-NP, EGFR-targeted hybrid plasmonic magnetic NPs; AuFe, iron oxide/gold NPs; 
EGFR, epidermal growth factor receptor; NP, nanoparticle. 
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autophagy at 24 hours but unable to activate apoptosis, as 
evidenced by the reduced PARP cleavage compared with 
strong PARP cleavage observed with 225 -NP treatment. 
No marked change in LC3 or PARP was observed in other 
treatment groups when compared with untreated control cells. 
These results demonstrate 225-NP-mediated cytotoxicity in 
EGFR-expressing lung cancer cells occurs by a combination 
of cell-cycle arrest, autophagy, and apoptosis. 

An unexpected observation made in our study was that 
the basal levels of LC3-II in all of the groups was relatively 
strong over and above which 225 -NP treatment showed 
greater and stronger LC3-II bands. The question that arises is: 
why are basal LC3-II levels high in the lung cancer cell line 
used in the present study and what does it mean? The general 
consensus in the autophagy field is that strong LC3-II band 
levels represent activation of autophagy while strong LC3-I 
band levels represent lack of autophagy response. Contrary to 
the generalization regarding LC3 conversion and autophagy, 
data exist showing high levels of LC3-II could be detected in 
untreated control tumor cells. Sato et aP"^ demonstrated high 
LC3-II levels in colorectal cancer cell lines and in tumor 
tissues obtained from patients diagnosed with colorectal 
cancer and that the high LC3-II levels indicated occurrence 
of autophagy as a mode for nutrient replenishment and cell 
survival. Based on that report, we believe that the lung cancer 
cell line used in the present study likely operates in a fashion 
similar to that of the colon cancer cell lines, with LC3-II 
levels being relatively stronger than what is anticipated and 
supports cell survival. This results in a strong LC3-II level in 
all of the treatment groups. However, with 225-NP treatment, 
the autophagy process is greatly enhanced and switched from 
autophagy to apoptosis, resulting in inhibition of cell growth 
and induction of apoptotic cell death. 

The ability of NPs to induce autophagy and apoptosis 
has also been demonstrated for other metal and non-metal- 
based NPs.^^"^^ However, the majority of these data are from 
toxicological studies that have focused on investigating 
NP-mediated toxicity, especially those induced by silica, 
silver, and zinc oxide-based NPs that are often present in 
environmental pollutants. The studies were conducted using 
normal cell lines such as fibroblasts. ^^"^^ Unlike these reports, 
we have previously demonstrated that 225-NP selectively 
induces autophagy and apoptosis in lung tumor cell lines but 
not in normal cell lines. Although it is possible, some non- 
specific cytotoxicity can occur at very high doses; the doses 
used in the present study were based on our previous study 
and were found to selectively kill tumor cells and not normal 
cells. Thus, we are confident that the observations made in 



the present study are not related to nonspecific cytotoxicity, 
as addition of antibody alone or NP alone did not elicit the 
same degree of cytotoxicity to that observed with 225-NP. 
Additionally, our study results showed conjugating 225 -Ab 
to the NPs conferred enhanced anticancer activity when com- 
pared with activity exhibited by free 225-Ab and NP alone, 
an observation that concurs with our previous report. 

Although the amount of free 225-Ab added to the cells 
was equivalent to the amount of 225-Ab attached on the 
surface of the NPs, the difference in cytotoxic activity 
observed between 225-NP and 225-Ab suggests that 225-NP 
in addition to inhibiting the EGFR-tyrosine kinase pathway 
activates additional cell killing mechanisms, resulting in 
enhanced cytotoxicity. 

Treatment with 225-NP induces DNA 
damage in tumor cells 

To determine the molecular mechanism that contributed to 
the observed enhanced antitumor activity for 225-NP, we 
investigated whether 225-NP-mediated tumor cell death 
involves DNA damage. The rationale to study DNA damage 
is based on the reports that 225-Ab when combined with 
radiation therapy results in enhanced DNA damage and 
radiosensitivity.^^'^^ Additionally, 225-Ab therapy has been 
shown to inhibit the movement of the DNA repair enzyme, 
DNA-dependent protein kinase, from the cytoplasm to the 
nucleus, thus preventing DNA repair and cell survival. 
Finally, studies are emerging showing NPs can cause DNA 
damage or DNA damage-like response via oxidative stress to 
normal cells and thus contribute to toxicity. ^^"^"^ On the basis 
of these reports, we investigated whether 225-NP-mediated 
antitumor effects involve DNA damage or DNA damage-like 
response in lung tumor cells by analyzing for phosphorylation 
of histone H2AX. Histone H2AX becomes phosphorylated 
at serine 139 in response to DNA double-strand breaks, and 
phosphorylated H2AX, called yH2AX, is widely used as a 
DNA damage marker to monitor the effectiveness of cancer 
therapies. 

Western blotting showed that yH2AX expression level 
was greatly increased in 225-NP-treated cells compared with 
the yH2AX expression level in all other treatment groups at 
both 24 and 48 hours after treatment (Figure 3 A). Induction 
of yH2AX expression, however, was higher at 24 hours than 
at 48 hours in 225-NP-treated cells. Slight increase in yH2AX 
expression was observed in cells that were treated with AuFe, 
225-Ab alone, and a mixture of NP and 225-Ab when com- 
pared with yH2AX expression in untreated cells (Figure 3 A). 
To eliminate the possibility that 225-NP-induced yH2AX 
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expression was simply a phenomenon observed when any 
antibody is conjugated to the NP, we tested the abihty of a 
control non-therapeutic EGFR antibody (29.1) bound to the 
NP to induce yH2AX expression. Additionally, we also asked 
the question of how early after 225-NP treatment yH2AX 
expression can be observed. Induction of yH2AX expression 
was observed starting at 24 hours in AuFe-, 29.1-NP-, and 
225-NP-treated cells when compared with untreated control 
cells (Figure SI). However, yH2AX expression was the 
highest in 225-NP-treated cells compared with 29. 1 -NP, and 
AuFe treatment demonstrating yH2 AX expression induced by 
225-NP was specific and stronger than the expression induced 
by 29.1-NP. No yH2AX expression was observed in any of 
the groups at 6 hours after treatment (Figure SI). 

To further determine the location of DNA damage, we 
performed immunofluorescence staining with yH2AX anti- 
body. Detection of yH2AX staining as foci in the nucleus of 
a cell is considered an indicator of DNA damage. ^^'^^ Analy- 
sis of tumor cells under fluorescence microscopy showed 
yH2AX foci were in a greater number of cells (-37% of 
cells) after 225-NP treatment than the number of yH2AX 
foci observed in cells (~24%-27%) from control treatment 
groups (Figure 3B). Higher magnification images revealed 
that 225-NP-treated cells had a larger number of yH2AX foci 
in the nucleus, and when the number of yH2AX foci per cell 
was calculated and classified into four groups based on that 
number, the proportion of the cells with more than 20 foci 
was higher in 225-NP-treated cells than in the cells from other 
control groups (Figure 3C). The immunostaining findings 
with yH2AX showed 225-NP not only induced DNA damage 
in more cells but induced more DNA damage per cell. 

Li et aP^ reported gold NPs of 20 nm in size induced oxi- 
dative stress that resulted in DNA damage and autophagy in 
lung fibroblasts. Activation of oxidative stress as measured 
by reactive oxygen species production has also been reported 
for other types of NPs.^^ ^^ Whether 225-NP-mediated DNA 
damage in lung tumor cells was due to oxidative stress was 
not investigated in the present study. Nevertheless, the ability 
of 225-NP to induce DNA damage as shown in the present 
study has potential implication in cancer therapy where 
225-NP when combined with other DNA damaging agents 
such as chemotherapy and radiation therapy is likely to pro- 
duce enhanced antitumor activity. To our knowledge, this is 
the first report demonstrating 225-NP in addition to inhibiting 
EGFR caused DNA damage in lung tumor cells. 

Although we have demonstrated 225-NP caused cellular 
DNA damage, it is of interest to determine the duration of 
DNA damage following single 225-NP treatment. Knowledge 



about the DNA repair ability of tumor cells and the time taken 
to fix the damage will allow an optimal 225-NP-based treat- 
ment schedule. Additionally, it will also allow the best pos- 
sible conditions for combining chemotherapy or radiotherapy 
for achieving maximal antitumor efficacy. These studies are of 
interest and are presently being conducted in the laboratory. 

The 225-NP abrogates G2/M checkpoint 
by inhibiting BRCA I -Chkl pathway 

It is widely known that cancer therapeutics such as cispla- 
tin and IR cause DNA damage resulting in the activation 
of the G2/M checkpoint with the cells arrested in the G2 
phase. "^^'"^^ This provides sufficient time for the cells to repair 
the DNA damage and thus prevent the damaged cells from 
entering mitosis (M phase) with aberrant DNA damage and 
abnormalities. 

DNA damage activates ataxia-teleangiectasia-mutated 
(ATM) and ATM-Rad3 -related signaling and their down- 
stream targets that include breast cancer type 1 susceptibility 
protein (BRCAl), Chkl, and Chk2 leading to inactivation 
of C&q2.'^^~^^ The Cdc2/cyclin B complex plays a pivotal 
role in regulating G2/M transition. During G2 phase, Cdc2 
is inactive when phosphorylated at Tyrl5 and Thrl4, and 
dephosphorylation of Cdc2 at Tyrl5 and Thrl4 by Cdc25c 
leads the cells to M phase. 

Studies have demonstrated NPs, like conventional cancer 
therapeutics, can induce DNA damage and G2/M cell cycle 
arrest. Mroz et al"^^ using a series of NPs that are often found 
as environmental pollutants showed induction of G2/M arrest 
and DNA damage in A549 lung cancer cell line when treated 
with the NPs. Induction of G2/M arrest was accompanied 
with activation of p53, p53-binding protein (53BP), BRCAl, 
and yH2AX proteins as determined by increased phosphory- 
lation of these proteins. AshaRani et al"^^ showed that silver 
NPs induced DNA damage and produced G2/M cell cycle 
arrest on IMR-90 (normal human lung fibroblast cells) and 
U251 (human glioblastoma cells). However, the sensitivity 
of U251 to silver NPs was higher than the IMR-90 cells, 
suggesting the tumor cells were more sensitive to the NPs 
and that using lower doses of silver NPs could be explored 
for cancer therapy. 

On the basis of these reports and our observation of 
225-NP treatment reducing the number of cells in the 
G2/M phase (Figure 2B) and producing DNA damage as 
indicated by yH2AX foci formation (Figure 3B and C), in 
the present study, we analyzed for BRCAl and Chkl pro- 
tein expression. As shown in Figure 4, 225-NP markedly 
reduced both phosphorylated and total BRCAl and Chkl 
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Figure 3 Treatment with 225-NP induced DNA damage in tumor cells. 

Notes: (A) Whole cell lysates from HCC827 cells that were either not treated or treated with AuFe, 225-NP (3.0x10^ particles/mL), 225-Ab (0.03 |Lig/mL), and mixture of 
AuFe and 225-Ab were collected at 24 and 48 hours after treatment and analyzed for yH2AX by Western blotting. yH2AX induction was markedly increased in 225-NP- 
treated cell lysate at both 24 and 48 hours compared with all other treatment groups. However, yH2AX induction was higher at 24 hours than at 48 hours in 225-NP-treated 
cell lysate. (3-actin was used as a loading control. (B) HCC827 cells were immunostained with 'yH2AX antibody at 24 hours after treatment with AuFe, IgG-NP, 225-NP 
(3.0x10^ particles/mL), 225-Ab (0.03 |Lig/mL), and mixture of AuFe and 225-Ab. Cells that did not receive any treatment served as control. yH2AX foci were observed on 
1X8 1 microscope (Olympus Corporation, Tokyo, Japan) and the number of foci-positive cells determined after more than 200 cells were randomly selected in each treatment 
group. The percentage of the cells with yH2AX foci was higher in 225-NP-treated cells compared with the percentage of cells with yH2AX foci in all other treatment groups 
and untreated control group. Scale bar, 20 |im. *P<0.0 1 . (C) Higher magnification images were obtained after the same treatment and staining as described in (B). More than 
50 cells were randomly selected in each treatment group and classified into four groups (more than 30, 21-30, I 1-20, and 10 or less) based on the number of yH2AX foci 
per cell. 225-NP-treated cells showed the highest number of yH2AX foci per cell compared with all other treatment groups. Scale bar, 10 jum. 

Abbreviations: 225-Ab, 225-antibody; 225-NP, EGFR-targeted hybrid plasmonic magnetic MPs; AuFe, iron oxide/gold MPs; EGFR, epidermal growth factor receptor; 
IgG-NP, immunoglobulin G conjugated plasmonic magnetic NPs; NP, nanoparticle. 
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protein expression at 24 hours after treatment (Figure 4). 
Additionally, pCdc2 (Cdkl) and total Cdc2 protein expres- 
sion, a downstream target of BRCAl-Chkl pathway was 
also reduced at 24 hours after 225 -NP treatment (Figure 4). 
Correlating with pCdc2 downregulation was an increase in 
phosphorylated serine 10 of histone H3, a mitotic marker, 
at 24 hours after 225-NP treatment. Our findings indicate 
that 225-NP treatment abrogates the G2/M checkpoint by 
inhibiting the BRCAl-Chkl pathway, thus not allowing the 
cells to efficiently repair the 225-NP-induced DNA damage. 
As a result, the cells unable to repair the DNA quickly prog- 
ress to the abnormal mitotic phase, culminating in apoptotic 
cell death. This possibility is supported by our cell-cycle 
data showing a reduced number of cells in the G2/M phase 
along with induction of histone H3 in 225-NP-treated cells, 
which culminates in an increased number of cells in the 
sub-Gl and activation of markers related to autophagy and 
apoptosis. Another line of evidence in support of our find- 
ings comes from the study conducted by Yamane et al.'^^The 
authors of the study, using BRCAl -deficient breast cancer 
cell line (HCC1937), showed partial abrogation of G2/M 
checkpoint with concomitant failure to inactivate Chkl via 
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Figure 4 Treatment with 225-NP reduced the expression of proteins associated 
with G2/M checkpoint and DNA repair. 

Notes: Western blotting showed marked reduction in the expression of BRCAl, 
Chkl, and phosphorylated Cdc2 and an increase in phosphorylated histone H3 
protein at 24 hours in 225-NP-treated cells compared with expression of these 
proteins in all other treatment groups. P-actin was used as a loading control. 
Abbreviations: 225-NP, EGFR-targeted hybrid plasmonic magnetic NPs; DNA, 
deoxyribonucleic acid; EGFR, epidermal growth factor receptor; NP, nanoparticle. 




phosphorylation when subjected to IR. In the same study, 
induction of the mitotic marker, Histone H3 was shown 
when subjected to IR. This resulted in increased tumor cell 
apoptosis. However, restoration of wild- type BRCAl in 
HCC1937 resulted in inactivation of Chkl and induction of 
G2/M cell-cycle arrest when subjected to IR. Thus, BRCAl 
plays an important role in cell-cycle and DNA repair, and 
reduced or loss of BRCAl expression leads to abrogation of 
G2/M phase resulting in increased apoptosis. 

It may be argued that suppression of BRCAl observed 
with 225-NP treatment could simply be due to antibody con- 
jugation and is nonspecific. Also, it is important to determine 
how early after 225-NP treatment BRCAl gets inhibited. 
To answer these questions we examined for BRCAl at 6 
and 24 hours post-225 -NP treatment and compared with 
29. 1 antibody-conjugated NP. We observed 225-NP but not 
29.1-NP effectively inhibited BRCAl as early as 6 hours 
after treatment (Figure SI). Additionally, BRCAl inhibition 
appeared to start at 6 hours post-225 -NP treatment followed 
by DNA damage at 24 hours as indicated by induction of 
yH2AX (Figure SI). These data suggest 225-NP abrogates 
G2/M early on and is followed by DNA damage resulting 
in cell death. 

Our study results diverge from previous reports in that 
225-NP unlike other previously tested NPs did not produce 
a G2/M arrest but rather reduced the number of cells in G2 
phase. Furthermore, we observed reduction in both phospho- 
rylated and total forms of BRCAl, Chkl, and Cdc2 protein 
expression, which is in sharp contrast to previous reports 
demonstrated increased expression and activation of these 
proteins."^^'"^^ Thus, it is evident that the mechanism by which 
225-NP produces DNA damage is different from other NPs. 
One study that concurs with our current findings showed gold 
NPs induce oxidative stress and DNA damage and reduces 
BRCAl mRNA expression.^^ However, the authors in that 
study did not conduct additional molecular studies in vitro 
or in vivo and did not demonstrate expression of BRCAl or 
other cell-cycle proteins being altered at the protein level. 
Our laboratory is currently investigating the role of oxida- 
tive stress and reactive oxygen species in 225-NP-mediated 
tumor cell killing. 

Identification of cell cycle kinases as targets for cancer 
therapy has resulted in the development and testing of inhibi- 
tors targeted to Chkl and Chk2.'^'^ Combining Chkl inhibitors 
with radiation and chemotherapy has demonstrated increased 
antitumor activity, especially on p53 mutant or deficient 
cells.48-50 and/or Chk2 inhibitors such as UCN-01 and 
AZD7762 are being tested in Phase I and II clinical trials. 
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Thus, we speculate that 225-NP Hke Chkl/2 inhibitors will 
serve as a radiosensitizer and chemosensitizer, producing 
a greater antitumor effect. However, further investigation 
is warranted in testing the combinatorial therapy effects, 
especially in vivo. 

Treatment with 225-NP suppresses 
tumor growth in vivo by inhibiting EGFR 
phosphorylation and inducing DNA 
damage 

Based on the cytotoxic activity demonstrated by 225-NP 
toward lung tumor cells in vitro, we investigated the thera- 
peutic efficacy of 225-NP in vivo using a subcutaneous 
lung tumor xenograft model. Intratumoral administration 
of 225-NP resulted in a significant inhibition of tumor 
growth compared with the tumor growth in animals that 
were untreated or treated with 225-Ab alone or treated with 
IgG-NP (P<0.05) (Figure 5A). Additionally, tumor growth 
was observed to be markedly delayed starting from day 14 
until day 70 in 225-NP-treated mice when compared with 
tumor growth in mice from the control groups. In the 225-NP 
group, three of the mice survived at day 112, while all of the 
mice in the untreated, 225-Ab-, or IgG-NP-treated control 
groups were euthanized by day 28 due to tumors reaching a 
size greater than 1,500 mm^ (Figure 5 A). 

We next determined whether 225-NP inhibited EGFR 
phosphorylation (pEGFR) in vivo akin to the results observed 
in vitro. Immunohistochemistry studies showed pEGFR 
expression was significantly inhibited in 225-NP-treated 
tumor tissues compared with pEGFR expression in 225 -Ab- 
and IgG-NP-treated tumor tissues (P<0.05) (Figure 5B). 
Although pEGFR expression was reduced in 225-Ab- and 
IgG-NP-treated tumor tissues compared with pEGFR expres- 
sion in untreated control tumor tissues, there was no statisti- 
cal significance (P>0.05). There was no difference in total 
EGFR expression between tumors treated with 225-NP and 
the other controls (data not shown). 

Since our in vitro studies showed 225-NP treatment 
induced DNA damage, we determined whether DNA dam- 
age occurred in the tumor tissues in vivo. Analysis of total 
cellular proteins for yH2AX by Western blotting showed 
strong yH2AX expression in tumors that were harvested 
from mice treated with 225-NP (Figure 5C). yH2AX 
expression was detectable in 225-Ab- and IgG-NP-treated 
tumor tissues, albeit at very low levels when compared with 
225-NP-treated tumor tissues. No yH2AX expression was 
observed in tumor tissues collected from mice that did not 
receive any treatment. 



Finally, TUNEL staining of tumor tissues showed that 
only 225-NP treatment induced significant tumor cell apopto- 
sis compared with tumor cell apoptosis in all other treatment 
groups (P<0.05) (Figure 5D). These results demonstrate that 
225-NP, in addition to inhibiting pEGFR, induces potent 
DNA damage, resulting in tumor cell apoptosis and thus 
producing a strong antitumor activity. Additionally, no 
observable treatment-related toxicity was observed, indicat- 
ing 225-NP therapy was safe. 

We have, via proof-of-concept studies, demonstrated 
intratumoral administration of 225-NP is effective in 
controlling tumor growth. The rationale to first test intra- 
tumoral treatment was that it is easy to administer the NPs 
and monitor and measure tumor growth. However, we 
are cognizant that for the treatment of metastatic cancer, 
such as lung cancer, it is important to administer 225-NP 
intravenously and determine the effectiveness of 225-NP 
therapy. The systemic treatment approach is more relevant to 
clinical application and thus warrants testing of intravenous 
administration of 225-NP in an experimental lung metastasis 
model. We plan to conduct these studies in the near future. 
We are also aware that studies testing 225-NP efficacy in 
additional tumor models, both in vitro and in vivo are war- 
ranted. With an increasing number of toxicological study 
reports demonstrating NPs can cause toxicity to normal tis- 
sues, it is also important to determine the biodistribution and 
toxicity of 225-NP in normal tissues in vivo. In particular, 
it is important to know whether repeated administration of 
225-NPs could lead to accumulation of the particles in the 
body and unwanted and unexpected chronic toxicity. These 
studies are important and need to be conducted in the future; 
the results obtained from these types of studies will provide 
information that will allow us to make improvements in NP 
formulation prior to moving forward with clinical testing. An 
additional and potential challenge in translating 225-NP for 
clinical testing is in the large-scale manufacturing and qual- 
ity control, as there is more than one component involved in 
formulating 225-NP. While it is evident that several questions 
related to efficacy, toxicity, and clinical translation remain 
unanswered, these are outside the scope of the present study. 
Overcoming the hurdles identified above and demonstrating 
systemic administration of 225-NP is safe and efficacious in 
controlling primary and metastatic tumors will allow us to 
advance 225-NP-based therapy for the treatment of patients 
diagnosed with non- small cell lung cancer. 

In summary, we in the present study have established a 
proof-of-concept and have demonstrated 225-NP has in vivo 
antitumor efficacy against lung tumors. 
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Figure 5 Treatment with 225-NP inhibited lung tumor growth in vivo. 

Notes: (A) HCC827 subcutaneous tumors established in nude mice were treated with IgG-NP or 225-NP (8.0x 1 0^ particles/tumor) or 225-Ab (the amount equivalent to the 
antibody attached on 225-NP) by intratumoral administration twice a week for 3 weeks. Mice treated with 225-NP showed significant inhibition in tumor growth compared 
with tumor growth in all other groups. Tumor growth is expressed as the mean tumor volume ± standard deviation. Arrows indicate each treatment. *P<0.00 1 . (B) Tumor 
sections were immunostained for pEGFR (green) and nuclei (blue). Scale bar, 100 |im. The percentage of pEGFR-positive cells was calculated based on five different and 
randomly selected fields. pEGFR expression was significantly reduced in 225-NP-treated tumor tissues compared with all other treatment groups. *P<O.OI, **P<0.05. (C) 
Analysis for phosphorylated yH2AX protein expression in whole cell lysates prepared from HCC827 tumor tissues showed 225-NP treatment induced yH2AX expression. 
Slight induction of yH2AX protein was observed in 225-Ab- and IgG-NP-treated tumors when compared with untreated control group. P-actin was used as a loading control. 
(D) HCC827 tumor sections were subjected to TUNEL staining (green) followed by DAP! nuclear stain (blue). Scale bar, 200 |im. The percentage of TUNEL-positive cells 
was calculated based on five different and randomly selected fields. *P<0.0 1 . 

Abbreviations: 225-Ab, 225-antibody; 225-NP, EGFR-targeted hybrid plasmonic magnetic NPs; DAPI, 4',6-diamidino-2-phenylindole; EGFR, epidermal growth factor receptor; 
IgG-NP, immunoglobulin G conjugated plasmonic magnetic NPs; NP, nanoparticle; pEGFR, phosphorylated EGFR; TUNEL, terminal deoxynucleotidyl transferase dUTP nick 
end labeling; NS, not significant. 
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Conclusion 

In the present study, we have demonstrated 225-NP treat- 
ment of EGFR-positive HCC827 lung cancer cells resulted in 
abrogation of cell cycle arrest in the G2/M phase and induced 
DNA damage. The consequence of 225-NP treatment is 
induction of autophagy, apoptosis, and DNA damage that 
resulted in effective tumor growth inhibition both in vitro and 
in vivo. Our study has established a proof-of-concept dem- 
onstrating a novel mechanism by which 225-NP can produce 
antitumor activity in lung cancer cells. Although our study 
results demonstrated 225-NP treatment induced DNA dam- 
age in lung tumor cells, testing in additional lung tumor cell 
lines is warranted. Additionally, the underlying molecular 
differences in the G2/M checkpoint response to DNA dam- 
age caused by 225-NP versus other DNA damaging agents 
such as IR is yet to be elucidated. Unraveling the mechanism 
by which 225-NP induces DNA damage will lead to novel 
innovative combinatorial therapies for lung cancer. 
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Figure S I Treatment with 225-NP but not 29. 1-NP greatly increased yH2AX in tumor cells. HCC827 tumor cells were either not treated or treated with AuFe, 29. 1-NP, 
or 225-NP. Cell lysates were prepared at 6 and 24 hours after treatment and analyzed by Western blotting. A marked increase in yH2AX was observed at the 24 hour time 
point in 225-NP-treated cell lysates compared with 29. 1 -NP- and AuFe-treated cell lysates. yH2AX expression was not detectable at the 6 hour time point in all of the groups 
when compared with untreated control cell lysates. Additionally, reduction in BRCAI expression was observed in 225-NP-treated cell lysates but not in cell lysates from all 
other treatment groups. (3-actin was used as a loading control. 

Abbreviations: 29. 1-NP, clone 29.1 antibody-conjugated NPs; 225-NP, EGFR-targeted hybrid plasmonic magnetic NPs; AuFe, iron oxide/gold NPs; EGFR, epidermal growth 
factor receptor; NP, nanoparticle. 
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